Introduction {#sec1}
============

Interface plays a crucial role in polymer multiphase systems due to its high impact on the structure formation and mechanical characteristics of the system. In most cases, polymers are thermodynamically not miscible and thus show weak interfacial adhesion. In the last decades, many efforts were made to investigate and to better understand the interface phenomena in immiscible multiphase polymer systems using different analytical methods. Among others, rheological investigations are often carried out, e.g., to clarify the rheology--microstructure relationship in polymer blend or to investigate the polymer interface.^[@ref1]−[@ref3]^ The phase morphology, driven by the interfacial tension and processing conditions, is often characterized and visualized by electron microscopy or atomic force microscopy (AFM).^[@ref4],[@ref5]^ In addition, classical polymer analytical methods such as thermal analysis,^[@ref6]^ infrared (IR) spectroscopy,^[@ref7]^ X-ray scattering,^[@ref8]^ etc. are also widely used to characterize multiphase polymer systems.

From the material system point of view, model systems comprising polyamide (PA) and polyolefins (polypropylene (PP), polyethylene (PE)) are very often used to investigate the interfacial phenomenon and its influence on the morphology formation of the polymer blends. This is on one hand due to the lack of chemical functional groups in polyolefins and on the other hand due to the relatively high interfacial energy between those polymers, which is thermodynamically unfavorable for interfacial diffusion and results in a weak adhesion. A common strategy to overcome this restriction is blend compatibilization using PP grafted with maleic anhydride (PP-*g*-MAH) or polyethylene grafted with maleic anhydride (PE-*g*-MAH).^[@ref9]−[@ref11]^

Widely accepted influencing factors for the adhesion in a modified PA/PP system are covalent interactions and interfacial diffusion. Covalent interaction occurs between the terminal amine of PA6 with the anhydride group of the functionalized PP as depicted in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The amino end group of PA reacts with the anhydride group, thus forming an imide bond. The amide group in the PA chain can also react if there is an excess of anhydride available, but likely only after hydrolysis by water to an amine and carboxylic acid, finally resulting in a chain scission of the PA and the formation of imide. The formation of these imide bonds was confirmed by infrared spectroscopic analysis.^[@ref12]^ Microscopic analysis of PA/PP blends has demonstrated that the sharp interface disappears in the presence of PP-*g*-MAH.^[@ref13],[@ref14]^ Findings from attenuated total reflectance--Fourier transform infrared (ATR--FTIR) mapping have confirmed that an interface layer is formed between the PA and PP phase in the presence of PP-*g*-MAH in the blend.^[@ref15]^ According to these findings, the thickness of the interface layer should depend on the MAH content in the PP. However, this dependency is not yet investigated.

![Reaction Mechanism between Amino End Group in PA and MAH in Functionalized PP](la0c01447_0009){#sch1}

Although the theory of phase compatibilization is well accepted for decades, the characterization of the interface layer formation is still a big challenge, as most analytical techniques only give indirect information about the diffusion at the interface. Classical investigation of the interfaces is based on microscopic, mechanical, and rheological methods. The phase adhesion strength is often evaluated mechanically by simple peel tests.^[@ref16]^ Microscopic and rheological characterizations provide information about phase adhesion and the particle size of the dispersed phase but do not deliver direct proofs about interfacial diffusion as a consequence of the modification. Methods analyzing diffusion dynamics, on the contrary, directly address the chemical composition of the interface layer. The disadvantage is that these methods are laborious and the chemical labeling of the polymer chains influences its diffusion dynamics.^[@ref17]^ Chemical imaging by ATR--FTIR mapping is of high interest for the chemical investigation, as this technique provides information about the chemical composition of the polymers at the interface.^[@ref15]^ However, the mapping with this method is limited to a relatively low resolution.

A more advanced chemical visualization technique is infrared (IR) technology at a nanoscale resolution (nano-IR) in combination with atomic force microscopy (AFM). Nano-IR technology has been shown to be a useful tool for characterization of multilayer laminates,^[@ref18]^ polymer blends,^[@ref19]^ composites,^[@ref20]−[@ref22]^ and cross sections of fibers.^[@ref23]^ The basic principle of nano-IR technology is the combination of AFM and the detection of material-specific photothermal-induced resonance (PTIR). The usage of the AFM cantilever provides the possibility of chemical mapping of the sample surface at nanoscale resolution and overcomes the problem of the low resolution obtained by conventional IR spectroscopy.^[@ref24],[@ref25]^ In this study, we have intentionally used the known model system PA/PP/PP-*g*-MAH for the investigation of the polymer interface with the objective to gain a better understanding of the formation of interface layer upon modification. The system was modified by varying the content of PP-*g*-MAH. Basic characterization was performed by evaluating the thermodynamic interfacial behavior based on the surface energy of the polymers and by rheological investigation of the melt-flow behavior. For the rheological investigation, a simplified two-layer system was used to restrict the influence of the morphology on the system. The dependency of the interface layer thickness on the PP-*g*-MAH content was chemically imaged using the nano-IR technique combined with AFM.

Experimental Section {#sec2}
====================

Polyamide 6 (PA, Durethan B30S, Lanxess AG, Germany, *T*~m~ = 222 °C, *M*~w~ = 30 000 g/mol, *M*~n~ = 12 000 g/mol) film with a thickness of 120 μm was kindly provide by the Transfer Center for Kunststofftechnik (TCKT, Austria). Homo-polypropylene HC101BF (neat PP, *T*~m~ = 165 °C, *M*~w~ = 365 000 g/mol, *M*~n~ = 48 000 g/mol) and homo-polypropylene grafted with maleic anhydride BB127E (PP-*g*-MAH with 0.16 wt % MAH content, *T*~m~ = 165 °C, *M*~w~ = 215 000 g/mol, *M*~n~ = 25 000 g/mol) were provided by Borealis Polyolefine GmbH (Austria). Those PP grades show almost identical melt-flow behavior as determined by rheological characterization despite different molecular weights. To generate polypropylene grades with different MAH contents, neat PP and PP-*g*-MAH were melt blended in different weight ratios using the laboratory twin-screw extruder (Process 11 L/D 40, ThermoFisher, Germany) at 230 °C and a screw speed of 200 rpm. PP-*g*-MAH samples with a MAH content of 0, 0.01, 0.03, 0.13, and 0.16 wt %, respectively, were generated and pressed into films at 200 °C and 50 bar using a hot press (Polystat 200T, ServiTec GmbH, Germany). All polymer films were cleaned with 99.9% ethanol in advance to the investigations. Diiodomethane (Sigma-Aldrich, 99% purity) was used for surface tension measurement.

The surface tensions and interfacial energies were calculated from the contact angles (θ) of demineralized water and diiodomethane at 20 ± 2 °C on a Krüss Easy drop instrument equipped with a Teli CCD camera and onboard software. For the calculation of the surface energy, the Owens, Wendt, Rabel, and Kaelble (OWRK) model was used.^[@ref26]^ The work of adhesion (*W*~a~) between PA and the different PP grades were calculated using the Owens--Wendt--Dupré equation^[@ref27]^whereas σ^p^ is the polar part and σ^d^ is the disperse part of the polymer surface energy. Indexes 1 and 2 indicate PA and PP, respectively.

Frequency sweeps were performed using a rheometer (Modular Compact Rheometer MCR 302, Anton Paar GmbH, Austria) with a parallel-plate system at 240 °C with 5% stain and a gap of 0.1 mm between the plates. The angular frequency was set on a range from 0.1 to 600 rad/s. The laminates made of one layer of each polymer were prepared in the parallel-plate setting of the rheometer at 240 °C for 5 min prior to the measurement.

ATR--FTIR spectra were recorded on a Bruker Vector 22 instrument (Germany). The ATR unit was equipped with a diamond crystal. A total of 128 scans were collected for each spectrum from 500 to 4000 cm^--1^ at a resolution of 2 cm^--1^.

For the investigation of PA/PP-*g*-MAH laminates with AFM and nano-IR, three-layer laminates were pressed at 240 °C and 30 bar for 10 min to create PP/PA interfaces. A PA film was pressed between two PP sheets with a total thickness of approximately 2 mm. Cross sections of the laminates were prepared using an ultra cryo-microtome (EM UC7, Leica Microsystems GmbH, Germany) equipped with a diamond knife (cryo 45°, DiATOME AG, Switzerland) at −40 °C. Approximately 500 nm thick cross sections were placed on an IR inactive ZnS windows for further investigations. AFM and nano-IR investigations were performed in AFM contact mode (nanoIR2, Anasys Instruments Inc., Santa Barbara). The scan rate of the AFM was 0.5 Hz.

For nano-IR analysis, an infrared laser irradiates pulses having different wavelengths on the sample surface. The sample absorbs the IR light if the wavelength is in resonance with the vibrations of a molecular structure, leading to thermal expansion and a subsequent vibration of the cantilever. The deflection of the cantilever is detected by a four-quadrant detector. The amplitude of the deflection is proportional to the absorption of the IR pulse^[@ref28]^ and its Fourier transformation is recorded.^[@ref24]^ For the collection of nano-IR spectra, 10 ns infrared laser pulses with a rate of 1 kHz are generated. The IR spectra were recorded over a range from 1300 to 1800 cm^--1^ and from 2700 to 3600 cm^--1^. A total of 32 scans were collected for each spectrum at a resolution of 4 cm^--1^. The nano-IR imaging was performed at the wavenumber of 3300 cm^--1^.

Results and Discussion {#sec3}
======================

The adhesion between PA and PP depends on the interfacial thermodynamics. As PA has relatively high surface energy, its interfacial energy with nonmodified PP is high ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Therefore, the adhesion and diffusion between the two phases are thermodynamically unfavorable. To enhance the phase adhesion, diffusion, and formation of an interface layer, the surface energy of the nonmodified PP is increased by the addition of PP-*g*-MAH. As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the surface energy of PP-*g*-MAH depends on its MAH content. The more MAH is present in the PP, the higher is the surface energy of PP. Subsequently, PP-*g*-MAH grade with higher surface energy has lower interfacial energy to PA and as a result a higher work of adhesion to PA. In fact, the values only indicate tendencies, as the surface energies were determined from solid samples at room temperature. Nevertheless, the calculation supports that the adhesion and diffusion between PA and PP-*g*-MAH in the molten state are thermodynamically more favorable if more MAH is present in PP-*g*-MAH. Therefore, a larger interface layer between the two phases is expected by increasing the amount of MAH.

###### Surface Energies of PA and Different PP-*g*-MAH Grades and the Corresponding Interfacial Energy and Work of Adhesion at the PP/PA Interface[a](#t1fn1){ref-type="table-fn"}

  sample          σ^p^ (mN/m)   σ^d^ (mN/m)   σ~total~ (mN/m)   σ~PA/PP~ (mN/m)   *W*~a,PA/PP~ (mN/m)
  --------------- ------------- ------------- ----------------- ----------------- ---------------------
  PA              8.99          43.54         52.52                                
  0 wt % MAH      0.02          31.40         31.42             9.14              74.80
  0.01 wt % MAH   0.14          31.49         31.64             7.87              76.29
  0.03 wt % MAH   0.16          33.79         33.96             7.34              79.14
  0.13 wt % MAH   0.22          34.12         34.34             6.96              79.90
  0.16 wt % MAH   0.69          33.78         34.48             5.30              81.70

The total surface energies are indicated with σ~total~, and their polar and disperse portions as σ^p^ and σ^d^, respectively. σ~PA/PP~ is the interfacial energy and *W*~a,PA/PP~ is the work of adhesion.

Another common technique for interfacial analysis in multiphase polymer systems is rheology, as the viscosity, storage, and loss modulus of multiphase systems depend not only on the neat polymers but also on the interface layer. Numerous studies have shown that compatibilization of immiscible polymer blends increases the melt shear moduli and viscosity.^[@ref29]−[@ref32]^ However, the morphology and the volume fractions of the dispersed and continuous phase of blends also influence the results.^[@ref33]^ In our study, we simplified the multiphase system to a two-layer laminar morphology ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) to eliminate the dispersed phase morphology of blends.

![Effect of interfacial modification on a laminar structure. In a nonmodified PA/PP laminate, the interface between the two phases is sharp (a) and under shear stress, interfacial slippage may occur (b). In the PA/PP-*g*-MAH laminate, an interfacial layer is formed due to diffusion between the PA and PP-*g*-MAH phases (c). This strengthens the interface and stabilizes the system under shear deformation (d).](la0c01447_0002){#fig1}

The laminates were prepared in the parallel-plate setting in the rheometer, 5 min in advance to the measurement, to allow interfacial diffusion to take place. The results obtained from frequency sweeps show that the complex viscosity, storage, and loss modulus values of the laminates lay between the ones of the neat polymers ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c). This shows that both polymers contribute to the flow behavior of the laminate. The values of PA/PP-*g*-MAH (0.16 wt % MAH) laminate are higher compared to that of the PA/neat PP (without MAH) laminate, demonstrating the interfacial strengthening effect in the modified systems. The similar strengthening effect observed by rheological investigation has also been reported in the literature for other polymer blend systems.^[@ref30],[@ref32]^

![Effect of interface modification on the melt flow of PA/PP laminates. Complex viscosities (a), storage moduli (b), and loss moduli (c) of the neat polymers, PA/PP and PA/PP-*g*-MAH laminates.](la0c01447_0003){#fig2}

It is thought that the higher viscosity and moduli of PA/PP-*g*-MAH system, compared to those of the nonmodified PA/PP system, indicate a better formation of an interface layer consisting of both PA and PP chain segments. As schematically illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the shear stress of the molten laminate depends on all phases of the system: PA, PP, and the interface. As the melt-flow behavior of the neat polymers does not change after modification, change in the complex viscosity, storage, and loss modulus can be interpreted as a result of the formation of an interface layer. However, the effect appears to be small, as, during the shear of the laminar melt ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), the polymer chains are arranged in the direction of the shear^[@ref34]^ and therefore hinder the different phases from diffusing into each other.

It is worth noting that both neat PP and PP-*g*-MAH show almost identical melt viscosity despite their different molecular weights. Hence, the formation of the interface layer observed by rheological measurement is less driven by the melt-flow behavior of PP-*g*-MAH and more by the existence of functional MAH groups in PP (expressed by the higher polar part of the surface energy of PP in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), leading to the compatibilization effect between PP-*g*-MAH and PA, as postulated in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

To further investigate the formation of the interface layer depending on the MAH content, PA/PP-*g*-MAH laminates with different MAH content (0--0.16 wt %) were analyzed using the nano-IR technique.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a represents AFM image of the cross section of a laminate of PA with neat PP (0 wt % MAH). The colored spots in the AFM image with 150 nm spacing (blue in PP phase and red in PA phase) indicate where the nano-IR spectra are scanned. In the PP phase, all recorded spectra are identical. Also, all recorded spectra in the PA phase are identical. Thus, to simplify the graph, only two corresponding nano-IR spectra are plotted for each phase in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b.

![AFM height image (a) and IR spectra of PA and PP recorded by nano-IR (b) and conventional ATR--FTIR (c) of PA/PP laminate containing 0 wt % MAH. The dark area in the image is the ZnS glass due to delamination during the cryo-cutting procedure.](la0c01447_0004){#fig3}

The comparison between the nano-IR technique ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) and conventional ATR--FTIR ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) validates the results of nano-IR measurements, as the spectra of PA and PP obtained with both methods are almost identical, except some varying intensity based on the detection technologies. Typical peaks derived from N--H stretching vibrations at 3300 cm^--1^, C=O stretching vibrations (amide I) at 1635 cm^--1^, and N--H stretching vibrations (amide II) at 1535 cm^--1^ were observed for PA, and those derived from CH~3~ stretching vibrations at 2870 cm^--1^ and for CH~3~ bending vibrations at 1373 cm^--1^ were observed for PP.^[@ref35],[@ref36]^

Nano-IR spectra recorded at the interface of PA/neat PP laminate ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) show neither PA-specific peaks found in the PP region nor PP-specific peaks in the PA region. These data explain the weak adhesion between PA and PP, as neither diffusion nor coupling reaction takes place at the interface, although the PA and PP were pressed in a molten state for 10 min at 240 °C. This laminate has a very weak interfacial adhesion so that delamination occurred during the cryo-cutting process at −40 °C. The low surface energy of neat PP and calculated work of adhesion ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) support these findings.

When modifying the PP phase with MAH, the situation changed remarkably. AFM image in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows that an interface layer is formed between PA and PP-*g*-MAH (0.16 wt % MAH), indicated by the green spots with the corresponding nano-IR spectra. The interface layer is defined as the area where both polymers can be detected, showing both PA-specific peaks at 3298, 1635, and 1535 cm^--1^ as well as PP-specific peaks at 2950, 2870, and 1373 cm^--1^. The interface layer ends toward the PA phase by the disappearance of the peaks derived from the CH~3~ stretching vibration of PP. The end of the interface layer toward the PP phase is determined by the lack of the peak at 3298 cm^--1^ assigned to the NH stretching of PA. According to recorded nano-IR spectra, an interface layer thickness of 2.7 μm is observed.

![AFM height image and IR spectra of PA/PP-*g*-MAH laminate containing 0.16 wt % MAH. The colored spots in the AFM image with 150 nm spacing indicate where the nano-IR spectra are recorded. PA is in red, PP in blue, and the interface layer in green; the color of the spots correspond to the color of the spectra.](la0c01447_0005){#fig4}

Considering the interface layer as a diffusion zone containing both polymer segments, the concentration gradient is identified by nano-IR scanning. The scans across the interface layer clearly show that there is a concentration gradient of the polymer segments. The normalized height of the NH peak at 3300 cm^--1^, for example, can be taken as a measure of the diffusion intensity of PA across the interface layer. This is graphically illustrated in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} for PA/PP laminate containing PP-*g*-MAH with 0.16 wt % MAH.

![Relative PA content across the PA/PP-*g*-MAH interface. The peak height, derived from the NH vibration at 3300 cm^--1^, was used for indicating the relative PA gradient across the interface layer of a laminate containing PP-*g*-MAH with 0.16 wt % MAH.](la0c01447_0006){#fig5}

Applying the same approach, the interface layer thicknesses were also determined for PA/PP-*g*-MAH laminates with the MAH content of 0.1, 0.03, and 0.13 wt %, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a).

![Correlation between PA/PP-*g*-MAH interface thickness and MAH content (a), interfacial energy (b), and work of adhesion (c).](la0c01447_0007){#fig6}

The nano-IR scanning of PA/PP-*g*-MAH laminates containing MAH has shown that at a low MAH content of 0.01 wt % already some diffusion occurs and an interface layer of 1.35 μm is formed. The higher MAH content present in the PP phase leads to an increased interface layer thickness ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a).

As PP-*g*-MAH has a lower molecular weight (*M*~w~ = 215 000 g/mol) compared to that of neat PP (*M*~w~ = 365 000 g/mol), the increased amount of PP-*g*-MAH in the PP phase contributes to a higher fraction of PP with lower molecular weight and thus shorter polymer chain length in the PP phase. According to the repetition model, the diffusion coefficient of a polymer in the molten stage depends on the molecular weight: the lower the molecular weight, the higher the coefficient.^[@ref37]^ However, the results of rheological investigations showed that the melt viscosities of neat PP and PP-*g*-MAH are almost identical. Furthermore, the laminate with PP-*g*-MAH even exhibited higher melt viscosity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Thus, the contribution of the lower-molecular-weight fraction to the increased thickness of the interface layer is believed to be much less pronounced compared to the contribution of the MAH functionalization of PP.

Thus, the reason behind the better diffusion between PA and PP can be expressed by the higher number of functional MAH groups. The C=O bonds enhance the surface energy of PP and subsequently the interfacial energy with PA becomes lower, which again is thermodynamically more favorable for interfacial diffusion ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c). Moreover, the diffusion is driven by in situ formation of PP-*graft*-PA polymer chains at the interface through coupling reactions between the MAH groups in PP-*g*-MAH and amino end groups of PA ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). These findings prove that the increased adhesion between PA and PP, upon compatibilization with PP-*g*-MAH, is based on enhanced diffusion between the two phases. The evolution of the thickness of the interface layer as a function of the MAH content ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) can be explained, that possible coupling reactions only take place at the interface with a limited number of MAH groups as the majority of MAH is present in the bulk of the PP phase. Very likely, the availability of MAH groups at the PP surface does not directly correlate to the increase of the total MAH content in the PP phase, although a calculation of the number of the MAH groups at the interface cannot be done properly and would require too many assumptions and speculations.

For the chemical visualization of the interface layers, the same cross sections of laminates were used for the nano-IR scanning. The sample area around the interface layer was scanned at the wavenumber of 3300 cm^--1^, which is specific for N--H stretching in PA.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a represents the PA/PP laminate without MAH. In this case, the nano-IR image shows a sharp border between PA (indicated in yellow) and PP (indicated in blue), demonstrating that no diffusion has taken place due to the high interfacial energy and missing coupling reaction. With the presence of 0.01 wt % MAH in PP, the interfacial energy has slightly decreased and the diffusion zone (indicated in red) reaches a thickness of about 1 μm and up to 2.5 μm in case of 0.16 wt % MAH in PP ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b--e). As expected, the interface layer thickness increases with MAH content in PP. Moreover, the concentration gradient of PA across the interface layer, as described in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, is also visible in the nano-IR images. The intensity of the IR signal at 3300 cm^--1^ is highest in the PA area (yellow), where no PP-*g*-MAH is present. Across the interface layer, the intensity of the peak decreases, indicated by orange, red, and violet, and finally reaches the PP-*g*-MAH area (blue), where no PA is detected. Some red areas included in the PA phase are most likely artifacts of the measurement, as nano-IR imaging is very sensitive to the variation of the sample height and thickness. Compared to a similar study on compounded PA/PP blends using ATR--FTIR mapping in the literature,^[@ref15]^ nano-IR imaging provided a much higher resolution and allows us to have a better insight into the interface region.

![Nano-IR images of PA/PP-*g*-MAH laminates scanned at 3300 cm^--1^. The MAH content in the PP varies from 0 to 0.16 wt %. The NH stretching at 3300 cm^--1^ is specific for PA. The higher the intensity (V), the more PA is present. PP is indicated in blue, PA in yellow and the interface layer in red. Note that the ZnS glass (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) does not give any signal at 3300 cm^--1^ and hence provides the same color as the PP phase in (a).](la0c01447_0008){#fig7}

It can be concluded that IR imaging at nanoscale supports the findings obtained from the nano-IR scanning. The interdiffusion depends on interfacial energy. The presence of MAH grafted on PP increases the surface energy of PP, decreases the interfacial energy with PA, and enhances the work of adhesion with PA, leading to thermodynamically more favorable interdiffusion between PA and PP.

Conclusions {#sec4}
===========

Using advanced chemical visualization by infrared spectroscopy at nanoscale resolution, the formation of the polymer interface by diffusion was examined. For the sake of simplification, the known system PA/PP and a simple experimental setup using laminates were chosen to bring new insights into a well-established research topic of the interface in multiphase polymer systems.

With a special focus on the analysis of the structure of the interface region, we could show and visualize, for the first time in a very high degree of resolution, that the well-discussed phase compatibilization effect in polymer blends is driven by the enhanced diffusion, leading to the thickening of the interface layer between the polymers. Furthermore, the increase in the thickness of the interface layer with an increased modification degree of PP (MAH content) could also be visualized, including the gradient of the polymer content across the interface layer.

Calculation of the surface energies has shown that the presence of MAH in PP decreases the interfacial energy with PA and enhances the work of adhesion. Thermodynamically, this favors the diffusion between the two phases. The enhanced interdiffusion between PA and PP segments in the presence of MAH is demonstrated by the increased melt viscosity and shear moduli of PA/PP-*g*-MAH laminates. Using the nano-IR technique, the diffusion at the interface was chemically and thermally mapped, providing new insights into the correlation between the interfacial energy and the diffusion at the interface. The formation of the interface layer depends on the MAH concentration. Increased MAH content lowers the interfacial energy between PA and PP and increases the interface layer thickness. A thorough investigation of diffusion kinetics, i.e., studies on the effects of time and temperature, is being undertaken in ongoing work.

Analysis by nano-IR scanning provides detailed chemical information about the diffusion gradient across the interface layer, while nano-IR imaging helps to visualize the formation of the interface layer. The results support the well-accepted theory of the in situ phase compatibilization through the reaction between the amino end groups in PA with MAH groups in functionalized PP.
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